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The interfaces between two immiscible electrolyte solutions (ITIES)
[1,2] offer a new perspective for reactions catalyzed by molecular or
nanostructured catalysts. Recently, it has been shown that hydrogen
evolution reaction (HER) occurs at the 1,2-dichloroethane (DCE)|
water interface under anaerobic conditions, with decamethylferrocene
(DMFc) as a reducing agent present in the organic phase [3–5]. This
reaction is signiﬁcantly accelerated by the presence of micro- or
nanoparticles [6,7].
Determination of hydrogen concentration and ﬂux next to the
heterogeneous reaction zone is crucial for the fundamental studies
of HER at a liquid|liquid interface. Although there are numerous
methods of sensitive hydrogen detection [8–10], only scanning elec-
trochemical microscopy (SECM) allows determining a ﬂux of this an-
alyte generated at ITIES [11]. SECM amperometric detection of
hydrogen produced by proton reduction was earlier reported
[12–16]. Here, we propose a SECM-tip potentiometric sensor based
on reversible hydrogen electrode [17,18] and its application for hy-
drogen sensing next to a liquid|liquid (1,2-dichloroetane|water) in-
terface. This approach is more advantageous for this task than
amperometric detection due to the lack of analyte consumption.Moreover, contrary to the amperometric one, a potentiometric hy-
drogen microsensor does not produce additional proton ﬂux
allowing pure generation–collection measurements without feed-
back at shorter probe-to-sample distances. This is especially suitable
for study of hydrogen generation at 1,2-dichloroetane|water interface.
2. Experimental
2.1. Chemicals
Decamethylferrocene (DMFc, 99%) was obtained from ABCR.
Bis(triphenylphosphoranylidene)ammonium tetrakis(pentaﬂuoro-
phenyl)borate (BATB) was prepared by metathesis of bis(triphenyl-
phosphoranylidene)ammonium chloride (Sigma-Aldrich) and lithium
tetrakis(pentaﬂuorophenyl)borate (LiTB) (ABCR) following the proce-
dure described earlier [19] and recrystallized twice from acetone. 1,2-
Dichloroethane (DCE, N99%+), and HClO4 (70%) were obtained from
Sigma-Aldrich. NaClO4 (98%)was purchased from Fluka. All aqueous so-
lutions were prepared with water puriﬁed by ELIX system (Millipore).
Argon (5.0 N) was from Multax.
2.2. Apparatus and procedures
Pt disk microelectrode for SECM experiments was made by
sealing a Pt wire (100 μm diameter, Mint of Poland) using PC-10 mi-
cropipette puller (Narishige) into borosilicate glass capillaries and
Fig. 1. Hydrogen concentration proﬁles above 2 mm dia. Pt electrode polarized
galvanostatically at −80 (line 1), −100 (line 2), −150 nA (line 3), and above the
liquid|liquid interface between 5 mmol·dm−3 DMFc + 5 mmol·dm−3 BATB in DCE
and 0.1 mol·dm−3 HClO4 + 5 mmol·dm−3 LiTB in water (curve 4). Curves recalculated
frompotentiometric approaches recorded at 1 μm·s−1 (see text for details). Inset: scheme
of detection of H2 generated at liquid|liquid interface.
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zero current potentiometry) were carried out with a microelectrode
patch-clamp ampliﬁer MultiClamp 700B (Molecular Devices). Position
of themicroelectrodewas controlled by a scanning electrochemical mi-
croscope CHI900B (CHInstruments). The Pt tip and Pt disk electrode
(2 mm diameter, CHInstruments) were used as working electrodes.
They were polished with 1, 0.3 and 0.05 μm alumina slurry, rinsed and
sonicated in demineralized water and ethanol. Ag|AgCl|KCl(3 M) refer-
ence electrode was connected to electrochemical cell through a salt
bridge ﬁlled with the same solution as electrochemical cell in order to
prevent chloride contamination. All potentials in this paper are
recalculated versus the potential of the reversible hydrogen electrode
(RHE), determined as the potential of a Pt electrode being in contact
with hydrogen bubbles under atmospheric pressure and used electro-
lyte (−276 mV vs. reference in 0.1 M HClO4). All solutions were
deaerated with argon for 60min before experiments. The electrochem-
ical cell or a vial with ITIES together with electrodes and connecting
wires were inserted into a bigger glass beaker covered tightly with
paraﬁlm with a little hole for SECM tip. Humidiﬁed argon (b1 ppm
O2) was delivered to the bottom of the beaker in order to maintain ox-
ygen free conditions in the studied system. Proper deoxygenation is
crucial for reliablemeasurements of RHE potentials due tomuch higher
potential of oxygen electrode at the same pH. Both the electrochemical
cell and the ampliﬁer head-stages were enclosed in a grounded Faraday
cage. All measurements were performed at room temperature (23 ±
2 °C).
3. Results and discussion
3.1. Sensor veriﬁcation
In order to verify the sensor, experiments with controlled electro-
chemical generation of hydrogen were performed. A Pt microelectrode
was placed above the surface of a Pt disk electrode ﬁxed in the bottom
of the cell ﬁlled with 0.1 M HClO4 and 5 mmol·dm−3 LiTB in water.
The hydrogen was generated by reduction of protons at the bottom
electrode connected to the second channel of the ampliﬁer set as “cur-
rent clamp” in order to maintain galvanostatic conditions. Current
values applied to that electrode were adjusted to obtain a similar mag-
nitude of current density of cathodic HER as corresponding to hydrogen
ﬂux estimated in a preliminary experimentwithHER at the liquid|liquid
interface. Constant hydrogen generation rates at a 2 mm dia. Pt elec-
trode were achieved by galvanostatic polarization at−80,−100 and
−150 nA (2.55, 3.18 and 4.77 μA·cm−2). Hydrogen activity which is
equal to hydrogen concentration ([H2]) in diluted (ideal) solution in
the vicinity of the approaching microelectrode was estimated from
its open circuit potential (OCP) measured using the ﬁrst channel of
the patch-clamp ampliﬁer set to “zero current clamp”. The measured
residual current b1 pA corresponds to b13 nA·cm−2 at a 100 μm di-
ameter electrode. Such a current density is low enough to maintain
OCP of RHE dependent on hydrogen partial pressure (p(H2) accord-
ing to Nernst equation [20]:
OCP ¼ ERHE−
RT
2F
ln p H2ð Þð Þ ð1Þ
where ERHE is potential of reversible hydrogen electrode, i.e. that of a
Pt electrode in solution with H2 at 1 atm and pH as used (not stan-
dard hydrogen electrode (SHE)where pH is 0). [H2] can be calculated
from Henry's equation [21]:
H2½  ¼
p H2ð Þ
kH
ð2Þusing the value of Henry's law constant for hydrogen equal to
1282 dm3·atm·mol−1 [22] as:
H2½  ¼
exp − OCP−ERHEð Þ2F
RT
 
kH
: ð3Þ
Potentiometric probe approach curves to a Pt disk generating hydro-
gen at different rates were used to calculate the distance dependences
of [H2] using Eq. (3) (Fig. 1, curves 1–3). These dependences are approx-
imately linear for short distances and indicate that a sub-micromolar
[H2] can be determined by this method. Determination of such [H2]-
distance dependences cannot be done with an amperometric probe
due to the positive feedback inﬂuence (additional ﬂux of sample sub-
strate from the amperometric probe). From the Fick's ﬁrst law:
JH2 ¼−DH2 δ H2½ =δxð Þ ð4Þ
where DH2 is diffusion coefﬁcient of hydrogen (4.5 × 10−5 cm2·s−1)
[23], and (δ[H2] / δx) is the concentration gradient of H2 ([H2]-distance
curve slope), one can calculate the ﬂux of hydrogen (JH2). The corre-
sponding current densities were calculated according to the Faraday's
laws of electrolysis [21]:
j ¼ 2F JH2 ð5Þ
where 2 is the number of electrons transferred per H2 molecule and F is
the Faraday constant. The results obtained from the approach curves
(2.53, 3.29 and 4.99 μA·cm−2) are in good accordance (b5% deviation)
with the currents applied to the test sample (Pt disk) by galvanostated
channel of the patch-clamp ampliﬁer.
3.2. SECM measurement at ITIES
The developed sensor was applied to determine the concentration
proﬁles of H2 generated at a liquid|liquid interface (Fig. 1, curve 4 and
Fig. 2). In order to push protons into the organic phase, the studied sys-
tem consists of 5 mmol·dm−3 LiTB in 0.1 mol·dm−3 aqueous HClO4 on
the top and 5 mmol·dm−3 DMFc (Fig. 1, curve 4) or 50 mmol·dm−3
DMFc (Fig. 2) in DCE on the bottom. Organic phase also contained
5 mmol·dm−3 BATB in both cases [3]. The common ion TB− provides
Fig. 2. Hydrogen concentration proﬁle above the liquid|liquid interface between
50 mmol·dm−3 DMFc + 5 mmol·dm−3 BATB in DCE and 0.1 mol·dm−3 HClO4 +
5 mmol·dm−3 LiTB in water. Curve recalculated from potentiometric approach shown
in the inset (solid line). Dashed line in the inset shows potentiometric approach curve re-
corded at pH ~ 7 (HClO4 replaced by NaClO4). Approaching rate: 1 μm·s−1 (see text for
details).
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o
TB− =−0.69 V [24]) allowing pro-
ton transfer from aqueous to DCE phase (ΔDCEW ϕ
o
Hþ =−0.55 V [4]). Then
overall H2 generation process can be described as follows [3,4]:
2DMFc DCEð Þ þ 2HþWð Þ þ 2TB−Wð Þ→2DMFcþDCEð Þ þH2 gð Þ þ 2TB−DCEð Þ ð6Þ
and the proton transfer from aqueous to organic phase is a requisite
for this reaction to occur [3,4]. In these experiments, both the Pt
SECM tip and the reference electrode were immersed in the aqueous
phase. The probe approach curves to the liquid|liquid interfaces
show [H2] increase in the diffusion layer of hydrogen indicating H2
generation from the ITIES. The substantial drop of the probe OCP
close to zero distance (Fig. 2, inset) is seen due to insertion of the
tip into organic phase containing DMFc. The similar calculations as
done above for the sensor veriﬁcation give the values of H2 ﬂux equal
to 2.13 × 10−11 mol·cm−2·s−1 when DMFc concentration in DCE
was 5 mmol·dm−3 and 5.91 × 10−10 mol·cm−2·s−1 when DMFc con-
centrationwas 50 mmol·dm−3. This corresponds to the sameﬂux of H2
generated at a planar electrode at 4.1 and 114 μA·cm−2, respectively.
These experiments show that under the given conditions, H2 ﬂux
can be determined close to the liquid|liquid interface. Maximal [H2]
recorded in our experiments (~0.15 mmol·dm−3) is below its solu-
bility in water under atmospheric pressure (0.85 mmol·dm−3 [25]).
This explains why no hydrogen bubbles evolving at the ITIES have
been observed. Almost 30 times acceleration of the reaction rate
after 10 times increase of DMFc concentration indicates an order of
reaction (ca. 1.44) higher than expected (1). This may result from
DMFc contaminant acting as a catalyst of the interfacial process.
One also has to bear inmind that some fraction of hydrogen dissolves
in organic phase. Solubility of H2 in DCE at its 1 atm partial pressure
recalculated from Henry's constant [26] is 2.26 mmol·dm−3. Con-
sidering the partition coefﬁcient as the ratio of H2 solubility in DCE
to H2 solubility in water (ca. 2.9) and the slightly lower viscosity of
DCE (0.84 mPa s), one can estimate the ﬂux of hydrogen in DCE
phase being ca. 3.5 times higher than in aqueous phase. Probing of
H2 concentration amperometrically in DCE with DMFc is, however,
problematic because of the simultaneous DMFc oxidation.
The control experiments without reducing agent in the organic
phase (not shown) and with extremely low proton concentration
(Fig. 2, inset, dashed line) show no decrease of the OCP when the
probe approaches the liquid|liquid interface. This indicates a lack of
hydrogen evolution in such conditions.4. Conclusions
We have shown that SECM in potentiometric mode is a suitable
method to evaluate ﬂuxes of hydrogen in aqueous solution in a pure
generation–collection mode without any feedback inﬂuence. This
method was applied to determine the ﬂuxes of hydrogen generated at
a liquid|liquid interface with decamethylferrocene as the electron
donor [3–5]. The proposed method seems to be suitable to other liquid
junctions, providing that both oxidized and reduced form of electron
donor are not soluble in aqueous phase. The method is not affected by
the presence of electron donor in organic phase and it does not produce
additional proton ﬂux allowing precisemeasurements at shorter probe-
to-sample distances.Conﬂict of interest
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